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 A B S T R A C T

We present an experimental setup dedicated to the study of in-gas ion processes and characterization of gas 
stopping cells for the Low Energy Branch of the Super Separator Spectrometer (S3) at SPIRAL2-GANIL. The 
first application is the development of a new gas stopper with a neutralization mechanism designed for faster 
extraction of the radioactive ions. This development should enable in-gas-jet laser spectroscopy and other low-
energy experiments with shorter lived radioactive isotopes. We discuss in detail the motivation and objectives 
of these developments and we present the results of simulations performed in the design phase, as well as the 
first experimental results. A simulated efficiency of the setup in ion-guiding mode as large as ≈90% is obtained, 
compared to a preliminary experimental efficiency on the order of 25%.
1. Introduction

The SPIRAL2 facility is a new-generation research infrastructure 
devoted to experiments with radioactive ion beams at GANIL [1]. It 
is powered by a linear accelerator which can deliver heavy ion beams 
with intensities above 1 p𝜇𝐴 and energies between 0.75 and 14.5 
MeV/u. One of the key physics programs is the study of neutron-
deficient and (super-)heavy nuclei with the Super Separator Spectrome-
ter (S3) [2]. To this end, the heavy ion beams induce fusion-evaporation 
reactions in a rotating target at the entrance of the spectrometer. The 
reaction products are separated from unreacted primary beam and 
other contaminants by the spectrometer and delivered to a gas cell 
located at the S3 focal plane, marking the beginning of the S3 Low 
Energy Branch (S3-LEB) [2,3].

The products enter the gas cell through a thin window and are 
stopped in argon buffer gas at a pressure of 200–500 mbar, where 
they are thermalized and neutralized. The gas flows out of the cell 
through a de Laval nozzle, carrying with it the radioactive species [4]. 
The gas expansion through the nozzle leads to the formation of a 
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supersonic gas jet which, owing to the nozzle contour and matched 
pressure conditions in the expansion chamber, can be highly collimated 
and homogeneous [5]. In the jet, pulsed lasers are overlapped with 
the radioactive species to produce step-wise resonance ionization. The 
photo-ions thus created are extracted by a series of radiofrequency 
quadrupole (RFQ) ion guides [6], bunched and delivered to a multi-
reflection time-of-flight mass spectrometer referred to as PILGRIM [7] 
or to a decay station called SEASON [8,9].

Scanning the frequency of the first laser step used for excitation and 
monitoring the ionization rate, either by counting the ions directly or 
their decay radiation in a given time, allows performing laser spec-
troscopy measurements. The adiabatic expansion of the gas through 
the nozzle leads to a significant reduction in both its temperature and 
pressure, thus reducing the Doppler and collisional broadening of the 
spectral lines compared to when the laser ionization is performed in 
the gas cell [10]. Consequently, the laser spectroscopy measurements 
in the jet can reach a spectral resolution as low as 200 MHz FWHM 
for (super-)heavy elements. With this gas-jet development, the in-gas 
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laser ionization and spectroscopy (IGLIS) technique has been proposed 
as a powerful tool to study the static electromagnetic properties of 
radioactive nuclei, such as mean-square charge radii and for many cases 
spins, magnetic and quadrupole moments. Although not achieving the 
spectral resolution of collinear laser spectroscopy, this technique offers 
an excellent compromise between resolution and efficiency, preferred 
for the most exotic cases [11]. After a proof-of-principle experiment at 
the LISOL facility in Louvain-La-Neuve [12], the technique has been 
implemented at several facilities worldwide [13–16], including S3-
LEB [17]. Recently, a first measurement of in-gas-jet laser spectroscopy 
of nobelium was performed at GSI-FAIR using the JETRIS setup [18].

Currently, the S3-LEB setup has been constructed and is installed at 
the S3 focal plane, in preparation for first experiments with radioactive 
ion beams [17]. While the current gas cell is designed to enable a signif-
icant part of the experimental program [3,19], future designs are being 
considered for the study of nuclei with very short half lives or very low 
production rates, where extraction time and neutralization efficiency 
become limiting factors. The prototyping and iterative improvement of 
these designs requires an off-line experimental setup that reproduces 
the operational conditions of S3-LEB, but provides simplicity, easy 
access and is independent of the schedule of experimental campaigns 
with radioactive beams from S3. In this work, we present the design, 
simulation and first tests performed with such an experimental setup 
constructed in the framework of the Fast Radioactive Ion Extraction and 
Neutralization Device for S3 (FRIENDS3) project [20,21], which aims to 
develop a novel gas cell for S3-LEB.

The article is organized as follows. Section 2 briefly presents the 
motivation of the FRIENDS3 project which has guided the design 
of the experimental setup and the main requirements that it must 
satisfy. Section 3 describes in detail the resulting design, for which ion-
transport simulations are presented in Section 4. Finally, Sections 5
and 6 present the hardware choices for the experimental setup and 
the results of a first test of its performance using stable alkali ions, 
including a comparison to simulation results.

2. FRIENDS3 project

The performance of the S3-LEB gas cell depends in a critical way on 
three parameters, namely the stopping/extraction efficiency, the extrac-
tion time and the neutralization efficiency of the radioactive species of 
interest. The neutralization efficiency is essential in order to apply the 
IGLIS technique, which by definition increases by one the charge state 
of the probed species. The ionization potential of 1+ ions (to the 2+ 
charge state) is considerably larger than for their neutral counterparts, 
which often makes the IGLIS technique impractical for ionic species. 
Consequently, one requires in most cases the neutralization of the 
incident beam.

A fraction of the beam is neutralized upon entering the gas cell 
by charge exchange with the buffer gas [22], but after thermalization 
charge exchange is no longer energetically possible, so the remaining 
neutralization must proceed via recombination with electrons removed 
from buffer-gas atoms in the initial thermalization phase [23–25]. The 
density of these electrons, which directly impacts the recombination 
lifetime, depends critically on the intensity of the beam entering the gas 
cell and on the absence of any electrical fields. In LISOL, for example, 
the very intense cyclotron beam producing the fusion-evaporation reac-
tions traversed the gas cell, creating a permanent electron cloud [23]. 
At S3, however, only the reaction products enter the gas cell, which for 
less intense beams will lead to a limited ionization of the buffer gas [3]. 
For S3-LEB it is thus interesting to develop a neutralization technique 
independent of the incident beam intensity, which is the first objective 
of the FRIENDS3 project.

The second objective concerns the reduction of the extraction time 
of the radioactive species, which is about 630 ms for the existing S3-LEB 
gas cell when using a nozzle with a 1 mm exit-hole diameter [19]. The 
reason for the long extraction time is the reliance exclusively on gas 
2 
Fig. 1. Chart showing the nuclides from the NUBASE 2020 database [26] 
(gray background) and highlighting the isotopes predicted to be produced at 
S3 (open black squares) or having half-lives between 10 and 250 ms (filled red 
squares).

flow for extraction combined with the very low gas velocity in the ion-
stopping volume. This can be penalizing for nuclei or isomeric states 
with half-lives below 500 ms, as is the case for some of the species 
predicted to be produced at S3. Fig.  1 shows a chart based on the 
NUBASE 2020 evaluation [26], highlighting the nuclei predicted to be 
produced at S3 and those with half-lives between 10 and 250 ms in the 
ground state (10 ms is considered a feasibility limit). One notices that 
some of the most exotic nuclei expected to be produced at S3 are in 
this half-life range, especially the 𝑁 ≈ 𝑍 nuclei and the very neutron-
deficient refractory elements and actinides. Although the extraction 
time can be reduced to some extent by increasing the diameter of 
the exit hole (at the cost of required gas consumption and pumping 
capacity), moving into the 100 ms range can only be achieved by 
boosting the ion extraction with an electrical field. Such a gas-cell 
design cannot however rely on neutralization by recombination with 
electrons in the stopping volume, because the electrical field would 
remove any electrons before recombination could take place.

A solution combining the fast transport of the stopped radioactive 
species and allowing their extraction from the gas-cell in neutral form 
would be a hybrid design in which an electrical field is used to accel-
erate the extraction of the ions from the stopping area (where the gas 
flow is very slow), their transfer to a region of pure gas flow near the 
exit of the gas cell (without any electrical field) and the application of 
a neutralization mechanism in this volume. Following neutralization, 
the species would be carried out of the gas cell by the flow alone 
in a few tens of milliseconds. Building on the approach which was 
successfully applied in the RADRIS technique [22,27], a gas-cell design 
was proposed and tested on-line at GSI combining extraction by electric 
field with collection on a heated filament placed in a channel close 
to the gas-cell exit [15,18]. Ions collected on the filament would be 
neutralized and evaporated in atomic form in the gas flow towards the 
gas-cell exit.

In the FRIENDS3 project we aim for a more universal method, 
thus eliminating the need of collecting the ions on a filament and 
instead neutralize them during their flow through the channel, before 
extraction from the gas cell. A critical point for this type of extraction 
is the transfer of ions between the areas with and without electrical 
field, due to the tendency of the ions to follow the field lines to their 
termination on the gas-cell walls, where they are lost. To minimize 
losses, the electrical field lines must be aligned with the gas flow as 
well as possible at the entrance of the no-field region. Furthermore, it 
is beneficial if the gas velocity in this region is significant, in order for 
the viscous force to guide the ions towards the gas-cell exit. Detailed 
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simulations of ion transport in gas were used to design a gas-cell of this 
type [21] and are presented in a separate article [28]. Here, we focus 
on the description of the experimental setup as a whole.

The setup of the FRIENDS3 project is required to recreate the 
experimental conditions of an IGLIS experiment. It should allow im-
plementing a gas cell, producing a supersonic gas jet and coupling 
the required laser beams for ionization either in the gas cell or gas 
jet. Sufficient space and easy access should be ensured in the jet 
chamber for laser alignment. The photo-ions should be guided out of 
the gas-jet area with high efficiency and delivered to a high-vacuum 
chamber where they can be individually counted. This requires imple-
menting differential pumping stages and ensuring sufficient pumping 
throughput. A particular condition is versatility with respect to the exit 
geometry of the gas cell, allowing if needed to implement and test 
different designs.

A pressure in the gas-jet chamber of the order 10−1 − 10−2 mbar is 
necessary for a jet Mach number between 5 and 10 for a typical gas-cell 
stagnation pressure of 100 mbar (see e.g. Fig. 11 in [10]). Considering 
that the operation of a microchannel plate (MCP) detector for single-
ion counting requires a pressure on the order of 10−6 mbar, the setup 
would require an intermediate differential pumping stage on the level 
of 10−4−10−3 mbar. Ion transport in these pressure conditions between 
small apertures can only be achieved by guiding the ions in RFQs. The 
transport line should also contain a mass-separation stage, allowing at 
least coarse purification of the photo-ions from contaminants. An RFQ 
operated in quadrupole mass filter mode is required for this function.

The resulting design, which will be detailed in the next section, 
bears similarities to the IGLIS setup at LISOL in Louvain-la-Neuve [10,
12] and the JetRIS setup at GSI in Darmstadt [15,18].

3. Description of the setup

Following simulation work, which will be presented in the next 
section, a setup satisfying the requirements mentioned above was de-
signed and is shown in the 3D drawing of Fig.  2. The drawing is 
presented in top-down, half-section view with respect to the horizontal 
plane containing the axes of the gas cell and of the three RFQs. The 
support structure and the vacuum pumps are visible behind the vacuum 
chambers. In the following, the different components of the setup will 
be described.

3.1. Gas-cell

The electrical gas-cell, visible in the top part of Fig.  2, consists 
of a cylindrically-symmetric electrode structure placed in a ultra-high 
vacuum (UHV) DN250 chamber with conflat (CF) flanges. The elec-
trodes are grouped in two sections: a cage, which corresponds to the 
stopping volume of the gas cell, and a funnel, which has the role 
of focusing the ion beam into the extraction channel. The choice 
of the chamber size, electrode diameter and length is a compromise 
between the requirement of stopping the fusion-evaporation products 
from S3, ensuring a minimal distance between the electrodes and the 
surrounding vacuum chamber (to avoid sparks) and the possibility to 
install the gas cell in the existing front-end chamber of the S3-LEB setup 
(to simplify implementation in case of future on-line tests).

The cage is 72 mm long with an internal diameter equal to 110 mm, 
consisting of 5 electrodes. Each electrode is 8 mm long. The cage 
electrodes are separated from one another by a distance of 8 mm with 
alumina insulators surrounding the fixation rods. They are also sepa-
rated from the entrance flange (top flange in Fig.  2) by a ring electrode 
with the same outer diameter as the cage, but an inner diameter of 
80 mm. This opening is sufficient to install an entrance window similar 
to the one designed for S3-LEB (50 mm window diameter and 74 mm 
mounting flange diameter). The entrance window, not represented in 
Fig.  2, would be installed on the entrance flange. The five funnel 
electrodes have decreasing inner diameters from 110 mm to 16 mm. 
3 
Fig. 2. 3D drawing of the experimental setup in half-section view with respect 
to the horizontal plane containing the gas-cell axis. The upper-right inset shows 
a magnified view of the adapter flange and de Laval nozzle. For details, see 
text.

Each electrode is also 8 mm long and all the electrodes are separated 
and insulated from the others by a longitudinal distance of 2 mm using 
alumina insulators as well. The cage is fixed on the entrance adapter 
flange whereas the funnel electrodes are fixed on the exit plate. The 
centering is mechanically constrained by the fixation of both sets of 
electrodes on their respective supporting surface.

The DN250 chamber containing the gas cell electrodes is followed 
by a CF DN16 cross used as a neutralization channel. The gas cell 
is connected to the rest of the setup by an adapter flange which is 
represented in Fig.  2. A tube with a smooth inner contour is built within 
the flange, ensuring the final convergent part of the gas cell from a 
16 mm diameter at the beginning to a 6 mm diameter at the end. The 
entrance face has CF16, CF40 and CF100 grooves, allowing to seal the 
three types of flanges on it. The exit face allows installing a de Laval 
nozzle, which is also represented in Fig.  2. The nozzle is designed by KU 
Leuven and produces a 60 mm-long collimated gas jet of Mach number 
8 [5,29]. The gas cell can be evacuated by an Edwards nXR40i roughing 
pump.

3.2. Ion extraction, guiding and detection

The ion transfer section following the gas jet consists of the three 
RFQs and an Einzel lens to focus the ions on an MCP. To ensure good 
vacuum conditions for its operation, differential pumping is applied, 
leading to the use of three different chambers separated by apertures.

The first chamber is non-standard, of rectangular shape, containing 
the de Laval nozzle as well as the first RFQ (bRFQ in Fig.  2). This is 
the chamber were the gas jet is formed. Two CF63 viewports laterally 
aligned with the gas jet allow overlapping an expanded laser beam for 
gas-jet ionization. A third CF40 viewport allows longitudinal access for 
a laser traversing the bRFQ in counter-propagating direction. The ions 
of interest are then extracted from the jet and transported in the bRFQ 
through an injection plate.

The bRFQ is bent in order to allow the counter-propagating laser 
path and at the same time to avoid injecting gas directly in the mRFQ, 
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improving pressure suppression between the differential pumping re-
gions. It is made of 18 segments, of which five compose the straight 
part at the entrance, nine in the curvature, and four in the straight 
part at the exit. The electrodes are fixed between plastic insulator 
boards which have the role of mechanical support and of basis for a 
printed circuit implementing a voltage divider chain for the DC voltages 
applied to the segments. They also have the role of insulating the DC 
and RF inputs. Its dimensions are 125 mm x 113.5 mm x 29 mm, 
with an inner characteristic radius of 6 mm and a total length of the 
longitudinal path of the ions of 189 mm.

The bRFQ is placed on an alignment system made with three 
plates of which the top-most two allow relative translation. This allows 
alignment of the bRFQ with the gas-jet direction and the rest of the 
line in the horizontal plane, thanks to micrometric screws. The vertical 
position and tilt are controlled with three screws which support the 
translation system. An optical plate is installed in the chamber under 
the RFQ, allowing to add optical elements for laser alignment.

The rectangular chamber is pumped by a GXS160/1750 screw 
pump, separated from the chamber by a gate valve and a bellows used 
to decouple the vibrations from the pump. The typical pumping speed 
of the screw pump is 1160 m3∕h.

The bRFQ is followed by a mini-extraction RFQ (mRFQ in Fig.  2) 
with the role of transferring the ions into the second chamber. The 
mRFQ is thus placed at the entrance of the second chamber, behind a 
PEEK aperture plate separating the two vacuum regions, and mounted 
on a custom-made CF100 flange. The aperture in the PEEK plate is cut 
out to surround the first mRFQ segments, which penetrate the volume 
of the bRFQ. This minimizes the gas transfer from the first to the second 
chamber. The mRFQ is 36.5 mm long and made of 8 segments of equal 
length and an inner characteristic radius of 2 mm. As for the bRFQ, the 
segments are fixed between two insulator boards which also support the 
printed circuits for applying the voltages to the RFQ. A second printed-
circuit board which is detached from the RFQ implements a voltage 
divider chain for the DC voltages and provides the insulation between 
the DC and RF inputs.

The first segments of the mRFQ are overlaid by 1 mm with the last 
segments of the bRFQ to ensure a good transfer with minimal ion losses 
between the first and second chamber, especially in case of a slight 
misalignment between the axes of the two RFQs. An extraction plate 
with 4 mm inner diameter is placed right after the mRFQ, separating 
it from the following ion guide. Both the bRFQ and mRFQ were 
constructed and first commissioned at KU Leuven [3].

The third RFQ is a quadrupole mass filter (QMF, see Fig.  2) and 
it is also installed in the second chamber, after the mRFQ. Its role is 
on the one hand, to ensure the transport of the ions along the entire 
length of the chamber (determined by the turbo pump diameter — 
see below), and on the other hand to separate the ions according 
to their mass and to allow their identification. It can also eliminate 
any ionized gas extracted from the gas cell, or other contaminants. 
The QMF is 199 mm long with 7 segments of two different sizes: 4 
segments of 41.5 mm each and 3 segments of 10 mm, all separated 
by 0.5 mm. In addition, it contains an entrance and exit plate with 
apertures of diameter 10 mm. Its inner characteristic radius is 6 mm. 
The segments are hollow and are separated from each other and from 
the entrance/exit plate by insulating rings. The segments and the rings 
are traversed by stainless steel M6 rods which support their weight 
and are locked with nuts on the entrance and exit plates, pressing the 
structure together. The insulating rings have smaller inner diameter 
than the segments, which avoids charge-up and electrical contact. The 
rods and nuts being metallic, one need to bias them to avoid the 
creation of floating elements. The simplest way is to bias them through 
the nuts fixing them either on the entrance or the exit plate of the QMF 
(while for the opposite plate the nuts would be insulated through a 
PEEK washer). From the simulation work presented in Section 4, the 
entrance of the ion guide proved to be where the transmission of the 
ions is more delicate. Consequently, it was chosen to bias the rods and 
4 
Fig. 3. Top: Interface between the bRFQ chamber and the QMF chamber with 
the mRFQ and the support of the QMF. The PEEK insulator elements are 
colored in cyan. The QMF support is cut in the view to see the elements inside. 
The yellow flange is the custom-made CF100 flange, supporting the insulating 
plate with the aperture for differential pumping, the mRFQ, the extraction 
plate after the mRFQ (in pink) and the support for the QMF. Bottom: Interface 
between the QMF chamber and the detection chamber. The PEEK insulator 
elements are colored in cyan. The yellow circular electrode is a support disk 
welded to the entrance flange of the chamber, while in pink one observes the 
supporting electrode for the differential-pumping aperture piece and for the 
Einzel lens. This electrode is insulated from the support disk by a gasket and 
nylon-tipped screws. After the Einzel lens shown at the center of the figure, 
the MCP stack mounted on a translation feedthrough is visible. The vacuum 
chambers are not represented in the two figures.

nuts to the potential of the entrance plate and insulate them from the 
exit plate.

The QMF is supported from the entrance side by a hollow cylindrical 
insulator piece made out of PEEK and open on both sides, surrounding 
the mRFQ (cyan in Fig.  3, top, and shown in section). The supporting 
piece is fixed onto the special CF100 flange separating the first and 
second chambers (yellow in Fig.  3, top, which also holds the mRFQ and 
the PEEK aperture plate) and is concentric with the optical axis of the 
two RFQs. Towards the QMF, the piece has a circular slot of the same 
diameter as the QMF entrance plate (orange in Fig.  3, top), allowing it 
to slide in tightly and be centered with respect to the mRFQ axis. The 
exit side of the QMF is fixed on a cylindrical PEEK insulator (left-most 
cyan piece in Fig.  3, bottom) with a diameter slightly smaller than the 
chamber (100 mm). Three radial screws traversing the wall of the piece 
towards the exterior allow it to be centered and fixed to the chamber.

The second chamber (designated as QMF chamber) as well as the 
third one (designated as detection chamber) are standard CF160 to 
CF100 reducing crosses, with the DN 160 axis orientated vertically. 
The interface between the QMF chamber and the detector chamber, is 
a grounded plate (pink in Fig.  3, bottom) with a changeable aperture 
piece allowing to modify the diameter of the aperture to either 8 mm, 
6 mm or 4 mm.

Going to lower diameter improves the vacuum in the detection 
chamber, which would be required in case the buffer-gas pressure needs 
to be increased, but degrades the transmission to the detection area. 
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Fig. 4. 2D view of the 3D ion optics simulated with SIMION© for the transport 
in the experimental setup. Pressures indicated are for argon buffer gas. They 
are considered constant within the three areas.

The aperture plate is pressed by four rectangular wings onto a ring 
welded in the entrance flange of the chamber (yellow in Fig.  3, bottom), 
insulated by a gasket. It is centered by using four nylon-tipped screws 
traversing the sides of the ring.

The Einzel lens, visible in Fig.  3, is fixed on the aperture plate with 
metallic struts (thus floated to the same potential). It consists of three 
electrodes of equal size (26 mm long, 20 mm inner diameter) with 
5 mm spacing. The first electrode is cut cross-wise into four to make 
a steerer. The MCP detector is placed 15 mm downstream from the 
Einzel lens. It is fixed on a translation feedthrough allowing its vertical 
alignment, or to remove it if the beam should be transported further 
downstream. A grid is permanently installed in front of the MCP to 
reduce the transmission to 10% and measure the beam current when 
higher intensities are used.

The QMF and detection chamber are each pumped from below 
by their own Pfeiffer HiPace700 turbo pump. The primary vacuum is 
achieved by a common Edwards nXR120i roughing pump, providing a 
typical pumping speed of 120 m3∕h.

4. Simulation studies

The design of the experimental setup was simulated in order to 
optimize the electrical potentials, to quantify the expected performance 
in the planned operation modes, as well as to test the effect of certain 
geometry choices. The simulations were performed using the SIMION© 
software [30].

Residual gas is implemented in each region of the simulation and a 
collision model is used to compute ion trajectories taking into account 
the scattering between ions and the gas atoms. The collision model 
used in the present is the so-called hs1 model of SIMION© [31]. The 
ions travel in a neutral gas, elastically colliding and scattering with the 
atoms according to the hard sphere model of kinetic theory. The ion and 
the gas atom are considered to be interacting in a cylindrical volume. 
The corresponding area of the cylinder is defined by the interaction 
cross section which is that of a circle having as radius the sum of the 
kinetic radii of the two colliding particles such that 𝜎 = 𝜋(𝑟𝑖𝑜𝑛 + 𝑟𝑔𝑎𝑠)2

with 𝑟𝑖𝑜𝑛 = 𝑟𝐶𝑠 = 1.85 × 10−10 m and 𝑟𝑔𝑎𝑠 = 𝑟𝐴𝑟 = 1.83 × 10−10 m. The 
resulting cross section for the interaction between the cesium ions and 
the argon buffer gas atoms is 4.25×10−19 m2.

The collision frequency 𝑍 is the integral of the collision frequencies 
for each possible speed 𝑐 of the gas particle, leading finally to 𝑍 = 𝜎𝑛𝑐
with 𝑛 being the density of gas atoms. 𝑍 is related to the average of the 
velocities weighted by their population densities. The mean-free path 
𝜆 of the ions traveling and colliding with the gas atoms is therefore 
𝜆 = 𝑐𝑖𝑜𝑛∕𝑍 = 𝑐𝑖𝑜𝑛∕(𝜎𝑛𝑐).

In the present simulation work, the mean free path is automatically 
calculated from the pressures (shown in Fig.  4) and temperature (taken 
as 300 K). In each time step, the collision probability is calculated 
from the mean free path. From this probability, the software determines 
whether a collision took place or not. The trajectory calculation is then 
performed assuming an elastic collision.
5 
The simulated transport line contains the three segmented RFQs 
and the Einzel lens used to focus the ion beam on the MCP detector. 
The simulation volume is shown in Fig.  4. The grid scaling of the 
simulation is 2 grid units/mm and the geometry has no symmetry. It 
is divided in three areas with different pressures, with the pressure 
abruptly changing across area boundaries. The first area contains the 
gas jet and the bRFQ. Its dimensions are 45 mm x 46 mm x 34 mm. A 
box at ground potential was added in the simulation around the jet in 
order to create proper boundary conditions for the relevant potentials. 
To properly define the boundary conditions for the whole chamber, 
two additional separation planes are added as shown in Fig.  4: one 
(perpendicular to the gas jet), marking the beginning of the bRFQ 
chamber along the gas-jet axis, and a second one, perpendicular to the 
bRFQ exit axis, marking the separation between the bRFQ and mRFQ 
chambers. Fig.  4 shows the pressure values used for the background gas 
in the three areas. In the first one, containing the bRFQ, the pressure is 
taken to have a constant value of 5×10−2 mbar. This choice corresponds 
to the ideal situation in which the background pressure is matched 
to the one of the gas jet, leading to homogeneous jet properties. The 
existence of the jet is reflected in the average gas velocity, which is 
zero everywhere except in a cylinder centered on the jet axis, with a 
2 mm radius and a 70 mm length from the beginning of the simulation 
space. In this cylinder, the average gas velocity is taken to be 550 m/s 
along the jet axis.

The separation between the first and second volumes of the simula-
tion, corresponding in reality to the PEEK insulator between the bRFQ 
and mRFQ, is simulated by a test of the displacement from the RFQ 
center axis of the ions exiting the bRFQ. Any ion crossing the exit plane 
at a distance larger than the radius of the aperture is considered lost and 
removed from the simulation. This virtual conductance has a 9.5 mm 
inner diameter centered on the RFQ axis.

The second simulation volume contains the mRFQ and the QMF. 
Two pressures were typically used in the simulations, either 5×10−4 or 
10−3 mbar. Finally, the third volume contains the Einzel lens and the 
MCP detector and the used pressure is 5 × 10−6 mbar. The pressures 
were estimated using the throughput equation and considering the 
conductances and pumping speeds. All the simulation work presented 
in the following was performed with 133Cs+ ions, because they were 
also readily available from a surface ion source for testing the setup. 
The ions are created in the simulation at the middle of the gas jet, being 
Gaussian distributed in the transverse plane such that the standard 
deviation of the distribution is equal to 1 mm. Their speed follows a 
Gaussian distribution as well, with a mean value equal to 550 m/s 
(which is the typical velocity of ions produced by laser ionization in the 
supersonic gas jet) and a standard deviation of 50 m/s. Their initial dis-
tribution of velocity directions is defined as a cone of half angle equal 
to 15 deg. We note that a supersonic gas jet with matched background 
pressure would have significantly lower divergence than the one chosen 
for the simulations. The choice is meant to account for the possibility of 
an unmatched supersonic gas jet, which would develop a divergence of 
a few degrees [32]. We note that moderate pressure gradients in the jet 
area would not significantly modify the transport of the ions into the 
bRFQ, because of the quasi-axial orientation of the initial ion velocities 
and the attractive force exerted by the bRFQ entrance plate.

The potentials of all the electrodes were optimized to maximize 
transmission, prioritizing when possible lower potentials and RF am-
plitudes. Generally, the transport is ensured by DC potentials, which 
have to be negative (because the gas cell is on ground potential) and 
gradually become more negative as the ions advance along the setup. 
Potential gradients are needed in the bRFQ and mRFQ to optimize ion 
guiding and avoid trapping the ions after collisions with the buffer 
gas. However, excessive gradients result in unstable ion trajectories 
following collisions.

Following optimization, a set of reasonable settings, given in
Table  1, allow obtaining up to 88 ± 2% total transmission. The un-
certainties are calculated by running the same simulation 5 times with 
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Table 1
Optimal potentials applied to the whole transport line in both 1 MHz and 
500 kHz configurations.
 Section Element Voltage (V)
 1 MHz 500 kHz 
 
bRFQ

RF amplitude 175 30  
 entrance plate −5 −4  
 DC in −11 −10.5  
 DC out −28 −19  
 
mRFQ

RF amplitude 25 8  
 DC in −28.2 −19.1  
 DC out −29.4 −19.7  
 exit plate −30 −20  
 

QMF

RF amplitude 175 38  
 entrance plate −65 −50  
 DC in −52 −36  
 DC out −64 −42  
 exit plate −72 −57  
 
Detection

conductance −400 −400  
 Lens el. 1,3 −175 −150  
 Lens el. 2 −400 −375  
 MCP −2000 −2000  

Table 2
Simulated transmission efficiency as a function of the diameter of the aperture 
between the QMF and detection chambers, for 1 MHz RF frequency.
 Aperture diameter (mm) 8 6 4  
 Transmission (%) 88 ± 2 82 ± 3 65 ± 3 

resampled ion distributions and computing the statistical rms deviation. 
The choice of RF frequency for the optimization was 1 MHz, which is a 
typical value for ion guides, allowing good RF guiding without requir-
ing too large RF power. The main transmission losses occur according to 
simulations in the QMF area. In order to efficiently inject the ions in the 
QMF, a significant focusing potential was applied on its entrance plate 
(more negative than the guiding potentials). Throughout the article, 
the ± values show the minimal/maximal dispersion based on several 
runs with 1000 ions, each time resampling the initial distributions. 
Almost no ions are lost in the mRFQ, the total transmission through the 
bRFQ and the mRFQ being 98 ± 1%, with the small losses occurring 
at the bRFQ entrance plate. Of the initially produced ions, 94 ± 1% 
are transferred through the QMF and 92 ± 1% pass through the final 
aperture towards the MCP. In the transport between the QMF and the 
detector, the ions are lost either in the collimator or in the Einzel lens, 
the latter loss concerning ions which have the largest scattering angles 
on the rest gas in the QMF chamber. A compromise in the voltages has 
been made for the collimator and Einzel lens potentials to maximize 
the transmission of the whole.

The RF amplitudes and gradient strengths do not impose limitations 
on the transmission. For example, the transmission may vary by only a 
few percent with a change by a few tens of Volts in the RF amplitudes in 
the bRFQ and the ion guide. A more critical aspect of the optimization 
is the matching between the ions’ emittance at the exit of one element 
(especially an RFQ) and the acceptance of the following one, or the 
transfer between two elements separated by a drift zone, as the ion 
trajectories tend to diverge once no longer confined by the RF field.

As mentioned in Section 3.2, the possibility of changing the diame-
ter of the aperture separating the QMF and the detection chambers was 
integrated in the design of the transport line. Simulations were run to 
quantify the losses induced by the reduction of the aperture diameter 
to 6 mm and 4 mm. The results are given in Table  2.

The reduction of the transmission is not linear with respect to the 
decrease of the aperture diameter. Switching to the 6 mm diameter 
could therefore be a good option to help for the differential pumping, 
as the difference in transmission with respect to 8 mm is not too impor-
tant. The transmission with the 4 mm diameter aperture is nevertheless 
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Table 3
Simulated change in transmission efficiency when shifting the mRFQ out of 
the bRFQ.
 Shift (mm) 0 1 2  
 Transmission (%) 88 ± 2 89 ± 1 90 ± 2 

Table 4
Simulated transmission efficiency as a function of the diameter of the aperture 
between the QMF and detection chambers, for 500 kHz RF frequency.
 Aperture diameter (mm) 8 6 4  
 Transmission (%) 75 ± 2 75 ± 3 63 ± 3 

still acceptable if one needs to reduce even more the gas conductance 
between the two chambers.

In addition to the standard study of the ion transport with the RFQs 
in the optimal positions and conditions chosen for the design, studies 
were performed to investigate the impact of certain changes in the 
setup geometry or operation mode. These are the impact of an axial 
shift of the mRFQ with respect to the bRFQ, the choice in biasing the 
QMF support rods and nuts, the use of a lower RF frequency, as well 
as the use of the QMF to bunch the beam.

The rigidity of the mRFQ supports and the cumulation of machining 
errors raised the possibility that the final axial position of the mRFQ 
would differ from the expected one by up to 2 mm. Simulations were 
thus run to quantify the impact of such a shift in the position of the 
mRFQ with respect to the bRFQ. The results are summarized in Table 
3, where the shift of the mRFQ is considered in the direction of the 
QMF. The simulations do not show an effect of the shift of the mRFQ 
within the considered range.

As discussed in Section 3.2, the fact that the rods and nuts holding 
together the segments of the QMF are metallic implies the need to 
bias them to avoid an unwanted focusing effect or floating elements in 
the beam line. We performed simulations to check whether it is more 
favorable to bias them (by direct contact) at the potential of the QMF 
entrance or exit plate. The results show no difference between the two 
configurations.

For the basic optimization of the setup parameters, an RF frequency 
of 1 MHz was considered for all RFQs. Nevertheless, this choice can 
lead to rather large RF amplitudes needed to transfer the ions especially 
in mass filtering mode and for ions of masses towards or above 𝐴 ≈
200. For the latter cases, it is also potentially interesting to operate 
the mass filter at 500 kHz, which according to the formula of the 
Mathieu stability parameter 𝑞 of the QMF would require a factor 4 
lower amplitude for achieving optimal filtering at 𝑞 = 0.706 [6]. This 
can also be beneficial for the bRFQ, for which the use of lower RF 
amplitude reduces the risk of discharges.

All the simulations were therefore performed also for an RF fre-
quency of 500 kHz (applied to all RFQs). We found that the optimal 
transport potentials depend on the RF frequency. Table  1 shows the 
reoptimized potentials. To maximize transmission at 500 kHz, it was 
necessary in the simulation to reduce the axial gradient in the RFQs by 
a factor of 2. This change had an effect especially for the bRFQ, because 
the lower gradient reduced the ion drift velocity and ensured a longer 
cooling time of the ions until the exit. This additional cooling partially 
compensated the fact that the lower RF frequency led to a generally 
larger rms radius of the ion distribution at the end of the bRFQ.

The 500 kHz transport settings led to the simulated transmission 
efficiencies presented in Table  4 for the different diameters of the 
aperture between the QMF and the detector chamber. One observes a 
slightly lower transmission efficiency in ion guiding mode at 500 kHz 
than 1 MHz.

In addition to the optimization test made in transmission mode, the 
ion guide has been configured either as a mass filter or as a buncher. 
The mass filtering mode of the setup was simulated for both 500 kHz 
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Table 5
Simulated performances of the mRFQ and QMF in mass filter mode.
 RFQ RF frequency 𝑎 𝑅 = 𝑚∕𝛥𝑚 efficiency 
 mRFQ 500 kHz 0.22 16 4%  
 1 MHz 0.23 37 5%  
 
QMF

500 kHz 0.225 17 16%  
 0.23 25 5%  
 1 MHz 0.225 21 25%  
 0.23 31 14%  

and 1 MHz configurations. In the mass filtering mode of an RFQ, one 
adds to the constant DC offset 𝑉0 of each given segment a quadrupole 
voltage distribution of amplitude 𝑉𝐷𝐶 , such that one pair of opposite 
segments is biased to 𝑉0 +𝑉𝐷𝐶 and the other pair is biased to 𝑉0 −𝑉𝐷𝐶 . 
Considering also the RF amplitude 𝑉𝑅𝐹 , this will lead to a characteristic 
pair of Mathieu parameters 𝑎 and 𝑞 given by [6]: 

𝑎 =
8𝑒𝑉𝐷𝐶

𝑚𝑟20𝜔
2
, 𝑞 =

4𝑒𝑉𝑅𝐹
𝑚𝑟20𝜔

2
, (1)

where 𝑒 is the elementary charge in Coulomb and 𝑚 is the ion mass 
in kilograms, respectively, 𝑟0 is the inner RFQ radius and 𝜔 is the 
angular frequency of the RF driving field. To perform a so-called 
mass scan with an RFQ configured in mass-filter mode, one scans the 
applied voltages with a constant ratio 𝑉𝐷𝐶∕𝑉𝑅𝐹  to change the range 
of masses transmitted, with the resolving power increasing as the scan 
line is moved close to the upper tip of the first stability region with 
coordinates 𝑎 < 0.236 and 𝑞 = 0.706 (which is the position of the peak 
of the first stability region of the device [6]).

Then, one can systematically vary the set mass 𝑚 and apply the 𝑉𝐷𝐶
and 𝑉𝑅𝐹  values which ensure for the given mass the chosen 𝑎 and 𝑞
Mathieu parameters. Recording the device transmission as a function 
of the set mass-to-charge ratio one obtains a mass spectrum. Higher 
resolving power typically leads to lower transmission.

Here, we have simulated the mass filtering mode both for the QMF 
and the mRFQ at the two tested frequencies, 500 kHz and 1 MHz. Table 
5 summarizes the transport efficiencies obtained for different values 
of 𝑎 close to the theoretical maximum. For each result, a mass scan 
is simulated for a beam consisting of only 133Cs+ ions. The resulting 
transmission curve is fitted with a Gaussian and its FWHM 𝛥𝑚 is 
determined. The resolving power 𝑅 = 𝑚∕𝛥𝑚 is then calculated. The 
quoted efficiency is for the maximum of the transmission peak.

One observes that, although the mRFQ can be used as a mass filter, 
its efficiency is significantly lower (about a factor 3 for the same value 
of Mathieu parameter 𝑎). Furthermore, using a lower RF frequency 
reduces both the efficiency and the resolving power of the device (be 
it mRFQ or QMF).

We note that in the simulations the pressure changes abruptly 
between the bRFQ and mRFQ. In reality, the pressure would gradually 
decay after the aperture separating the two chambers. A higher pressure 
in the mRFQ would require a slightly larger voltage gradient to trans-
port the ions and would degrade the performance of the mRFQ as a 
mass filter. Furthermore, scattering on residual gas between the mRFQ 
and the QMF would reduce the transmission and mass resolution of the 
latter.

For future applications, we have also simulated the possible use 
of the QMF as a buncher without any additional gas injection. For 
pressures in the gas-jet chamber on the order of 10−1 mbar, one expects 
the QMF to operate in the few 10−3 mbar regime, which could be 
sufficient for ion trapping. As discussed in Section 3, the last 3 segments 
of the QMF are only 10 mm long, which allows creating a narrow 
trapping region. We therefore optimized the QMF potential for trapping 
the ion beam and simulated the resulting bunch width on the MCP, for 
the two RF frequencies that were investigated. For these simulations, 
the Mathieu parameter 𝑎 of the QMF was set to 0. Table  6 shows the 
obtained results. They were obtained by changing the potentials in the 
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Table 6
Simulated transmission efficiency and bunch width (FWHM) of the QMF 
operated in bunching mode. 
 Pressure (mbar) RF frequency bunch 

width (ns)
efficiency 

 1 × 10−3 500 kHz 160(5) 14%  
 1 MHz 104(2) 31%  
 5 × 10−4 500 kHz 223(7) 12%  
 1 MHz 145(4) 10%  

QMF, fixing the gradient to 1 V per electrode to lower the energy of 
the ions in the QMF. When applying RF frequency of 500 kHz, the 
energy of the ions is too high to trap them correctly. This can either 
be compensated by decreasing the gradients in all the RFQs and in 
particular in the mRFQ and the bRFQ or by increasing the amplitude 
in the QMF. The results in Table  6 are obtained by fixing the RF 
amplitude to 80 V (zero to peak) in the QMF. In addition, the voltage 
on segment 7 (last segment) of the QMF has been increased to create 
a potential barrier and the voltage of segment 6 was lowered to create 
a potential well for the trapping. To extract the ions, segment 5 and 6 
were switched after 5 ms to 130 V and 30 V respectively. The optimal 
values depended on the used pressure and RF frequency. The offset 
potential of the QMF was made less deep to better decelerate the ions 
entering the trap. These simulations were performed with the same 
pressures as the ones in transmission and mass filtering mode and also 
by increasing the pressure in the QMF chamber to 10−3 mbar.

One observes that the trapping efficiency without additional gas 
injection in the QMF is low. Nevertheless, it is possible to trap at least 
part of the beam, either for direct in-trap experiments or to produce 
bunches of a few 100 ns FWHM for injection in other traps downstream. 
The bunch width at a given point is however strongly dependent on the 
extraction gradient from the RFQ.

5. Hardware and control system

The different DC voltages required to operate the FRIENDS3 experi-
mental setup are provided by a combination of commercial low-voltage 
and high-voltage power supplies, either with numerical or analogical 
control. The latter case corresponds to a series of Spellman MS DC–
DC modules providing a maximum of -500 V and controlled using an 
input voltage of 0–5 V. The control voltage is delivered by a dedicated 
multichannel power supply, either two Moku:Go multifunctional FPGA 
devices from Liquid Instruments, or a Wago 750, 12 bit analog-output 
module.

The RF signals required by the bRFQ and the QMF are delivered 
by an Aim-TTi TG2512 A 2-channel function generator, amplified by 
two HLA150V-PLUS linear amplifiers from RM Italy. For the mRFQ, 
which is less demanding in power, the RF signal is generated by one of 
the Moku:Go devices, being amplified by an Aim-TTi WA301. For each 
RFQ, an air-core transformer circuit is used to generate the positive 
and negative phases of the RF field (by grounding the middle of the 
secondary coil) and to impedance match the capacitive load of the RFQ 
to the amplifier. Amplitudes higher than 500 Vpp were thus obtained 
for the QMF, which would be sufficient to perform mass scans of ions 
up to around mass 𝐴 ≈ 200.

For ion detection in high-intensity regime, the ion current was 
measured using a Keithley picoammeter model 6485. The signal mea-
surement cable was typically connected to the MCP grid, or to one of 
the intermediate collimator plates in the beam line. In order to bias 
the conductor used for ion collection, a battery pack totaling -29 V was 
connected in series between the electrode and the Keithley. The stable 
voltage provided by the batteries allowed measurements with very little 
background fluctuations (down to 100 fA rms, depending on the level of 
noise induced by the environmental conditions). For ion counting with 
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Fig. 5. Schematic view of the ion source (to approximate scale) used for 
testing the transport of ions in the experimental setup ; a back plate is used 
as support for the source, on which the pellet is fixed and from which it is 
insulated (the insulators are represented in white); the extraction electrode 
surrounds the pellet to create an equipotential volume ending with a collimator 
plate at the same potential (top of the electrode).

the MCP, one of the Moku:Go devices was programmed in oscilloscope 
mode to function as a pulse counter.

The elements of the experimental setup were remote controlled us-
ing the Experimental Physics and Industrial Control System
(EPICS) [33], with the graphical user interface developed using the 
Control System Studio software [34] and some functionalities provided 
using Python via the PyEpics and PCASpy modules for implementing the 
Channel Access protocol. The RF amplitude of the QMF, which required 
precise setting for the implementation of mass scans, was stabilized 
using an open-loop proportional controller.

6. Experimental tests

Following the assembly, cabling and alignment of the experimental 
setup, a series of preliminary tests were performed at IJCLab in Orsay in 
order to quantify its performance. An offline ion source (schematic view 
in Fig.  5) containing a commercially available alkali pellet with 133Cs 
and a small quantity of 85,87Rb was used to produce the ions injected 
in the bRFQ. The source was mounted in front of the bRFQ, on an 
extension of the alignment table, at a distance close to 20 mm from 
the bRFQ entrance plate. No gas cell was installed on the setup for this 
work and the pressure at the source position was defined by the residual 
gas in the bRFQ chamber. The pellet was resistively heated and con-
comitantly floated to 5 V, together with its acceleration electrode. This 
accelerated the ions to a kinetic energy determined by the difference to 
the potential applied on the entrance plate of the bRFQ (which for our 
tests was −7 V) and the collisions with the background gas. The pellet 
can produce stable current from a few 1000 particles per second to 
several nA. The ions from the pellet were used to optimize transmission 
along the setup. The resulting optimized potentials are shown in Table 
7. One observes that the potentials and the gradients are different from 
the simulated values. The pressure conditions were different in the 
experiment with respect to the simulated ones (up to a factor 5 lower), 
as will be shown below. The RF matching transformers were not fine 
tuned and the operational frequencies were simply matched to their 
resonance values. With these constraints, we opted for the lowest DC 
voltages which could achieve satisfactory ion transmission.

Transmission-efficiency estimates could be made by measuring the 
ion current on different electrodes along the beam line. Due to the 
presence of RF field in the close proximity of the mRFQ extraction plate 
or QMF entrance plate (or possible capacitive coupling between the 
wires in vacuum), the ion-current measurement on these elements was 
however impacted by electromagnetic noise. Furthermore, the −29 V 
bias of the battery pack used in series with the current-measurement 
cable was not much more negative than other neighboring potentials, 
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Table 7
Optimal potentials applied to the transport line during the tests. The RF 
frequencies used for the bRFQ, mRFQ and QMF were of 912 kHz, 940 kHz 
and 732 kHz, respectively.
 Section Element Voltage (V) 
 
bRFQ

RF amplitude 141  
 entrance plate −7  
 DC in −8  
 DC out −10  
 
mRFQ

RF amplitude 26.5  
 DC in −17  
 DC out −18  
 exit plate −15  
 

QMF

RF amplitude 188  
 entrance plate −15  
 DC in −35  
 DC out −35  
 exit plate −30  
 
Detection

conductance −125  
 Lens el. 1,3 −52  
 Lens el. 2 −281  
 Grid −28  
 MCP −1950  

Table 8
Pressure conditions achieved during the first commissioning of the experimen-
tal setup. The value of the pressure in the QMF chamber shows the lower 
measurement limit of the pressure gauge.
 Chamber Pressure (mbar) 
 bRFQ 9 × 10−3  
 mRFQ + QMF ≤ 5× 10−4  
 Detection 3 × 10−7  

which means that many of the ions could have passed through without 
detection, or be collected on other electrodes nearby. By consequence, 
no reliable ion current could be measured between the mRFQ and 
QMF. Nevertheless, the global transport efficiency could be determined 
by measuring the ion current on the bRFQ (electrodes and entrance 
plate connected together), the aperture plate between the QMF and the 
detection chamber, and the MCP grid.

The pressure conditions achieved without gas injection are given 
in Table  8. The latter are obtained with all the pumps presented in 
Section 3.2, except the Edwards GXS screw pump which was not used. 
Instead, the nXR120i pump was used for the bRFQ chamber, while the 
nXR40i pump ensured the prevacuum for the turbo pumps connected 
to the other two chambers.

In these conditions, the global transmission efficiency of the ions in 
the whole setup was measured to be 25%. The relatively lower value 
compared to simulation could be due to the large source emittance (in 
the absence of any collimation) and the relatively low pressure in the 
bRFQ, which might not ensure enough radial cooling of the ions before 
transfer to the mRFQ.

To confirm the effect of the gas on the radial cooling of the ions and 
the connection to the voltage gradient, we simulated as a function of 
pressure the distribution of the ions arriving at the end of the bRFQ. If 
one uses the 1 MHz settings of Table  1, the total transport time of the 
ions in the bRFQ decreases from 270 μs (for a pressure of 5×10−2 mbar) 
to 120 μs (for 1×10−2 mbar) and 90 μs (for 5×10−3 mbar). This reduction 
of the cooling time leads to an evolution of the rms radius of the ion 
distribution at the end of the bRFQ (𝜎𝑟𝑚𝑠) from 0.3 mm to 0.6 mm and 
0.9 mm, respectively, the latter making the total beam radius (≈ 2𝜎𝑟𝑚𝑠) 
comparable to the field radius of the mRFQ (2 mm). The consequence 
is a significant drop of the simulated transport efficiency of the mRFQ 
from the initial ≈100% to less than 60% for 5 × 10−3 mbar. If one 
however uses for 1 × 10−2 mbar the experimental settings of Table  7, 
the much lower gradient along the bRFQ significantly increases the ion 
transport time to about 340 μs, restoring the final 𝜎  to 0.3 mm. With 
𝑟𝑚𝑠
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Fig. 6. (top) Mass scan obtained with the QMF installed in the experimental 
setup (RF frequency 732 kHz) compared to (bottom) a SIMION simulation for 
RF frequency 1 MHz. The experimental FWHM is of 4.3±0.05 amu for 𝑎 = 0.22
and 4.0 ± 0.2 amu for 𝑎 = 0.225. The simulated FWHM is 6.1 ± 0.3 amu for 
𝑎 = 0.225 and 3.8 ± 0.2 amu for 𝑎 = 0.23.

this lower radius, the simulated transmission in the mRFQ is almost 
100%.

With the optimal settings for ion transmission, the performance of 
the QMF was also determined and compared to SIMION simulations, 
as shown in Fig.  6. For the simulations, the initial ion conditions and 
simulation space were kept the same as presented in Fig.  4 and the 
settings used were the ones of Table  1. For both measurements and 
simulations, the mass scan was defined in the same way as described 
in Section 4.

The RF frequency used in the experimental tests for the QMF was 
732 kHz. This leads to a measured mass resolving power of 33, on 
the same order as the simulated one. The shift to higher mass of the 
transmission peak in the actual experiment (compared to the mass of 
the 133Cs+ ions) can be explained by the 10% asymmetry in the am-
plitudes of the RF phases (due to slightly different capacitive coupling 
of the two RF loads) which was present during the measurements. The 
theoretical mass represented on the x axis of the plot is calculated with 
the larger of the two amplitudes. This asymmetry will be corrected in 
the future. There is also a significant discrepancy between the ion mass 
and the transmission peak in the simulation due to the resolution of the 
SIMION mesh which leads to a slightly different effective radius of the 
device in the simulation space. The actual Mathieu parameter 𝑞 Eq. (1), 
depends quadratically on this radius and thus is very sensitive to even 
small deviations. The effective radius used in the calculation of the 
theoretical mass has thus been corrected for the simulation to 5.8 mm. 
The corrected results are presented in Fig.  6, where only the displace-
ment of the transmission maximum due to the asymmetric RF voltages 
can be observed in the top panel. We note that in the simulations 
1000 ions were flown for each data point and the fluctuation of the 
results by resampling the initial ion distribution was not studied. The 
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Fig. 7. Relative QMF transmission efficiency as a function of the Mathieu 
parameter 𝑎.

uncertainty on the simulated transmission curve is however dominated 
by systematic errors, such as the resolution of the simulation geometry 
and the simplified ion-gas collision model.

During the transmission and mass-scan tests, the used beam inten-
sities were of both a few 1000 ions per second (for detection on the 
MCP) and of 100 pA-1 nA (for detection on the MCP grid). Although 
no systematic studies were performed, the similar widths of the mass-
scan curves obtained in high and low-current regimes suggest that in 
the studied current range there are no significant space-charge effects. 
Further investigations are however necessary.

In general, higher resolving power of the QMF comes at the cost 
of lower transmission. During the tests, we have systematically varied 
the device resolving power (by changing the value of the Mathieu 
parameter 𝑎) and determined the change in transmission efficiency. Fig. 
7 shows a measurement of the relative transmission of the QMF (with 
respect to the pure ion guiding mode) as a function of the Mathieu 
parameter 𝑎. The data were determined by measuring the average ion 
current on the grid in front of the MCP.

The configuration with the highest mass resolving power still lead-
ing to a usable transmission efficiency was for a Mathieu parameter 
𝑎 = 0.225. Nevertheless, a clear cut-off in transport efficiency was 
observed above 𝑎 = 0.22. For the mass scan with 𝑎 = 0.22 in Fig.  6, a 
global transport efficiency about 1% was obtained. This relatively low 
efficiency is potentially due to the asymmetry between the amplitudes 
of the two RF phases or scattering on rest gas in the QMF. The 
efficiency drop is nevertheless consistent with the observed impact of 
the mass-filtering mode of RFQs on the transversal emittance of the 
emerging beams [35]. A careful alignment of the QMF with respect 
to the optics before and after, as well as a reduction of the amplitude 
asymmetry will allow improving this figure of merit and potentially of 
the resolving power. Nevertheless, the obtained efficiency is sufficient 
for experiments with stable ion beams, which can be produced in large 
quantities.

7. Conclusions and outlook

In this work, we presented the FRIENDS3 experimental setup, ded-
icated to the study of gas-cell phenomena and to the development of 
future gas cells for the S3-LEB setup at SPIRAL2. The motivation and 
principles of the FRIENDS3 project were presented, as well as a detailed 
account of the design of the experimental setup. Simulations of ion 
transport were performed and showed good theoretical performance in 
the different operational modes, including the mass-separation mode of 
the QMF.

Following assembly, first experimental tests with 133Cs+ ions
showed acceptable transmission of about 25% without mass separation 
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and around 1% for a resolution of 4 mass units (FWHM). We will 
investigate the possibility of improving the transmission of the device 
in high-separation mode by increasing the symmetry and stability of the 
applied RF field. Nevertheless, for the first tests implementing a gas cell 
and resonance laser ionization, the present resolving power is sufficient 
to separate the ions from the molecular sidebands, which will typically 
differ from the former by a minimum of 16 mass units (corresponding 
to an oxygen atom).

Based on simulations, the setup is also capable of trapping ions in 
the QMF without additional gas injection, although this is yet to be 
verified experimentally for pressures which are reasonable within the 
designed pumping system.

The experimental setup has been moved and is currently installed 
at GANIL, in preparation for first experiments of in-gas-cell and in-
gas-jet laser ionization using a dummy gas cell. Once laser ionization 
and identification of photo-ions is established, different tests of ion 
recombination will be performed, with the aim to produce a laser-
ionized beam in the gas cell, neutralize it prior to extraction and 
re-ionize it in the supersonic gas jet.

The first prototype electrical gas cell is currently being manufac-
tured and will subsequently be assembled and commissioned with the 
FRIENDS3 setup, in order to study ion transport and neutralization in 
the presence or vicinity of an electrical field.
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